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SEMICONDUCTORS  A™ 

G.  A.  Akhundov,  G.  B.  Abdullaev,  G.  D.  Guseynov,  R.  F.  Mekhtiyev, 

M.  Kh.  Aliyeva,  Ye.  S.  Guseynova  and  I.  A.  Gasanova 

Semiconductors  A“  O'"  crystallize  in  laminated  or  chain  structures  and  contain  nine 
valence  electrons  in  each  molecule  (!]•  Connection  in  the  layers  and  the  chains  is 
predominantly  covalent,  and  Van  der  Waal  between  the  layers  and  the  chains.  Calculated 
data  of  the  energy  spectrum  of  these  compounds  are  absent,  and  the  available  ejq)erimental 
studies  are  insufficient  for  understanding  of  the  zone  structures.  We  have  obtained  and 
studied  single  crystals  of  GaS,  GaSe,  GaTe,  InSe,  TiSe.  These  semiconductors  possess  a 
number  of  ^)eciric  properties.  Some  of  them  proved  to  be  highly  photosensitive,  an  increase 
of  the  electrons  and  holes  in  TiSe  was  discovered  by  phonons,  the  electron  mobility  in  InSe 
rises  as  [2],  and  at  low  temperatures  the  edge  of  fundamental  absorption  of  gallium 
chalcogenide  has  a  linear  structure  (3-4),  very  thin  single-crystal  layers  or  chains  are  easily 
split  off  from  large  single  crystals. 

Single  crystals  of  n-TiSe  and  compensated  GaSe,  InSe  are  obtained  with  the 
introduction  of  admixtures  Sn,  Ge,  or  Si.  Point-contact  diodes  were  prepared  on  a  base  of 
n-TlSe  and  their  properties  were  studied  at  different  temperatures  (5). 

Single  crystals  of  GaS,  GaSe,  InSe  are  interesting  objects  for  studying  of  the 
phenomenon  of  injection,  luminescence,  electroluminescence,  etc. 

The  results  of  the  studies  of  the  electric,  photoelectric  and  optical  properties  of  single 
crystals  GaS,  GaSe,  GaTe,  InSe  and  TISe  are  presented  in  the  given  report. 

Single  crystals  of  p-  and  n-TlSe  with  a  diameter  of  15  mm  and  with  a  length  of  80 
mm  were  obtained  by  the  method  of  horizontal  or  vertical  zone  melting  [6-7].  Single 
crystals  of  GaS,  GaSe,  GaTe  and  InSe  with  a  diameter  of  12  mm  and  a  length  of  50  mm 
were  grown  by  slow  cooling  with  constant  temperature  gradient  (8). 
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The  electrical  properties 


Although  the  electrical  properties  of  a  number  of  A*”  compounds  were  studied 
by  us,  here  we  stop  at  TlSe. 

Fig.  1  presents  the  temperature  dependence  of  electroconductivity  a(a)  and  the  Hall 
constant  R(h)  of  Five  annealed  single  crystals  p-TlSe  with  different  concentrations  of 
admixtures  in  an  interval  of  80'’+570°K  along  the  axis  [001].  Crystals,  characterued  by 
curves  1-5,  had  admixture  concentrations  of  10“-6.5- 10‘*  cm  ’. 
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The  temperature  dependance  of  the  Hall  mobility  of  holes  is  calculated  in  the 
same  crystals  p-TlSe.  At  sufficiently  high  temperatures,  approximately  /tp-T”,  which 
indicates  a  scattering  of  charge  carriers  on  acoustic  oscillations.  Moreover,  with  a  lowering 
of  the  admixture  concentrations  the  region  of  phonon  scattering  expands  and  with  a 
concentration  of  6- 10”  cm  ’  encompasses  almost  the  entire  region  of  measurement. 
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Figure  1.  Temperature  dependence  of  electroconductivity  (a) 
and  die  Hall  constant  (b)  of  TlSe. 


Carrier  concentrations  temperatures  and  thermal  emf  (a)  of  single  crystals  of  TISe 
were  studied  over  a  wide  range.  A  temperature  dependance  (a)  was  constructed  for  nine 
samples  of  p-  and  n-TISe  in  an  interval  of  SO-STO^K  (Fig.  2).  Crystals  1-6  of  them,  with 
admixture  concentrations  of  6.5'10‘\  610“,  9*10“,  5-10*,  2-10“  and  6.5-10”  cm’  had 
p-conductivity.  a  for  the  indicated  samples  remains  positive  also  in  the  intrinsic  conduction 
region  and  decreases  only  in  absolute  value  with  an  increase  in  temperature.  The  remaining 
three  samples  (curves  7-9),  having  concentrations  at  300°K  of  6.8-10“,  2.6-10”  and  8-10” 
cm  ’,  possessed  /i-conductivity.  The  intrinsic  conduction  region  in  the  measured  temperature 
range  was  reached  only  for  one  of  the  samples  of  n-TlSe,  in  which  was  observed  a  sign 
inversion  (curve  7). 
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There  is  ^lecial  interest  in  the  low-temperature  region,  beginning  from  IbO^K,  where 
in  some  n-  and  p-TlSe  samples,  possessing  a  comparatively  small  concentration  of  current 
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carriers,  a  strongly  rises  in  absolute  value,  with  a 
decrease  in  temperature,  to  values  of  (2-7  mv/deg), 
which  considerably  exceed  the  predictions  of  usual 
electronic  theory.  This  we  e}q>lain  by  the  presence  of 
the  effect  of  the  entrainment  of  current  carriers  by 
phonons.  During  the  determination  of  the 
temperature  dependence  of  the  phonon  part  of  the 
thermal  emf  the  additive  relationship  0=03+0^ 
was  used,  since  the  concentration  of  current  carriers 
in  these  samples  is  sufficiently  small  in  order  to 
disregard  their  scattering  effect  on  the  phonons.  The 
values  of  diffusion  component  03  were  determined,  in 
this  case,  by  the  extrapolation  of  the  curved 
temp>erature  de{>endence  of  the  common  thermal  emf 
above  160°K  on  the  basis  of  the  experimental  data  of 
the  Hall  coefficient  according  to  the  formula: 

Thus,  it  was  established  that  with  the  advent  of 
the  effect  of  entrainment  effect  the  temperature 
dependence  intensifies  from  to  T’  ’  with  a 
decrease  in  temperature,  which  corresponds  to  a 
change  in  the  temperature  dependence  of  the 
relaxation  time  of  acoustic  phonons  from  T'  ’  to 
T^  *  upon  consideration  that  It  is  easy  to 

ascertain  that  the  indicated  dependence  is  in  a  good 


agreement  with  the  theory  of  the  entrainment  effect  of 

current  carriers  by  phonons  for  the  semiconductors  with  tetragonal  symmetry  [9].  Actually, 
according  to  this  theory,  if  the  accidental  intersection  of  oscillatory  branches  does  not  occur 
on  the  plane  K,=0  (Ky=0),  then  for  the  tetragonal  crystal  the  dependence  of  the  relaxation 
time  of  longitudinal  acoustic  phonons  on  temperature  (T)  and  quasi-momentum  (q)  takes 


the  form: 


Taking  into  account  that  the  quasi-momentum  of  the 
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primary  part  of  the  long-wave  phonons  q  = 


(2m*jr  7)^ 

A* 


for  the  crystals  with  a  tetragonal 


structure  we  receive. 


t 


♦ 


2mV  ’ 


T 


as  is  evident,  it  is  sufficiently 

close  to  the  dependence  observed  during  the  experiment 
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'fhe  fundamental  parameters  of  TlSe  were  determined  from  the  e^qjerimental  data: 
the  width  of  the  forbidden  band  AE=0.57-3.910‘*  of  ev/grad,  mobility 

p 

relationship  b  =  —  =  0.33,  the  effective  mass  of  the  density  of  the  electron 


states  m*  =  0.3m(j  and  holes  m*  = 

Photoelectric  properties 

Fig.  3  shows  the  spectral  distribution  of  photoconductivity  for  five  compounds  at  300®IC 
The  width  value  of  the  forbidden  band  of  the  indicated  compounds,  calculated  on  X,/2,  is 
given  in  Table  1.  The  spectral  and  lux-ampere  characteristics  of  the  single  ci^tals  obtained 
were  studied  at  different  temperatures. 
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Figure  3.  The  spectral  distribution  of  the  photoconductivity 
at300*K 


Table  1 


Crystals 

p  f>cm 

a  Hot  (ev) 

a  (e<^») 

GaS 

10'°-10" 

2.53 

238 

GaSe 

-10* 

1.97 

1.93 

GaTe 

41(F 

1.67 

13 

InSe 

21(F 

1.2 

\2 

TlSe 

1-40 

0.7 

0.67 

Is  e)q)erimentally  studied  the  kinetics  of  its  own  photoconductivity  of  single  crystals 
GaSe  and  TlSe.  It  is  discovered,  that  relaxation  curves  consisting  of  two  components: 
"slow"  and  "rapid". 

Fig.  4  shows  lux-ampere  dependence  of  the  amplitude  of  the  complete  photocurrent 
(curves  1),  slow  (curves  2)  and  rapid  components  (curves  3)  for  GaSe  (a)  and  TlSe  (b).  By 
increasing  the  light  intensity  the  amplitude  of  the  slow  component  rises  nonlinearly, 
achieving  saturation,  whereas  the  rapid  component  increases  approximately  linearly.  With 
an  increase  in  the  intensity  of  constant  illumination  the  slow  component  decreases  and 
finally  disappears. 
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The  temperature  dependencies  of  the  time  constant  of  the  slow  component  of  decay 
in  the  photoconductivity  for  GaSe  (a)  and  TlSe  (b)  are  represented  in  Fig.  5a  and  b, 
respectively. 


As  is  evident,  the  time  constant  of 
decay  in  the  slow  component  at  low 
temperatures  is  changed  insignificantly  for  both 
crystals,  and  with  high  it  decreases 
exponentially  with  an  increase  in  the 
temperature.  Under  the  conditions  of  the 
experiment  the  value  of  the  constant  decay 
time  did  not  depend  on  the  intensity  of  light 
and  illumination. 


Figure  4.  Lux-ampere  characteristic  of  stationary 
photoconductivity  and  its  components 
Key:  (a).  mV. 


The  laws  given  above  are  well  explained  on  the  basis  of  a  model  with  one  "saturated" 
level  of  single  adhesion  (taking  into  account  recombination  through  them).  Corresponding 
calculations  of  this  model  show  that  the  time  constant  of  decay  is  expressed  by  the  formula: 

=  1 

where  Tn,  rp  -  respectively  the  coefficients  of  electron  trapping  and  holes  at  the  trapping 
level;  po-equilibrium  concentration  of  holes  in  the  valence  band; 

=  Nje  ^  (Nc-effective  position  density  in  the  conduction  band);  AE„  -  depth  of 

the  trapping  level  occurrence. 
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Flfure  5.  Temperature  dependence  of  the  [^toconductivity  decay 
time  constant 


From  the  formula  it  follows  that  at  low  temperatures  (7J^»<7pPo)  the  intensity  of 
the  thermal  excesses  is  small  and  the  decay  time  constant  is  determined  only  by  the  process 
of  the  recombination  of  electrons  with  the  equilibrium  holes  of  valence  band  seized  at  the 
trapping  level  -  and  therefore  is  changed  insignificantly  (in  this  temperature  segment  Po,  it 
depended  weakly  on  temperature).  On  the  contrary,  in  the  area  of  "high"  temperatures 
(when  7„J^coi>7pPo)  the  intensity  of  the  thermal  excesses  of  electrons  from  the  levels  in  the 
conduction  band  considerably  exceeds  the  direct  recombination  of  these  electrons  with  the 
free  holes  and  time  constant  decreases  exponenti  illy  with  an  increase  in  temperature. 


The  comparison  of  the  formulas  obtained  with  the  experimental  dependencies 
determined  the  parameters  of  trapping  levels  for  both  compounds  (Table  2). 
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Table  2 


Degree  of  the 

Effective  capture 

Effective  capture 

Level 

Crystals 

level  position,  eV 

cix)ss-section  for 
electrons,  cm* 

cross-section  for 
holes  cm* 

concentrations, 

cm* 

GaSe 

■Hi 

4ia” 

i.5ia“ 

210*’ 

TlSe 

■H 

4ia‘* 

3ia'‘ 

1-510‘" 

The  spectrum  of  the  admixed  photoconductivity  of  the  single  crystals  of  gallium 
selenide  was  studied  and  a  considerable  photosensitivity  in  the  region  to  three  microns  was 
discovered  (Fig.  6),  determined  by  the  presence  of  three  types  of  "emitter'’  levels,  situated 
at  0.4;  0.56;  and  0.71  eV  from  the  ceiling  of  the  valence  band  [10]. 
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The  presence  of  the  three  impurity  levels  is  confirmed  by  the  results  on  the  study  of 
the  kinetics  of  admixed  photoconductivity;  during  the  excitation  by  light  with  a  wavelength 
of  lii;  1.9;  and  2.2  ^  relaxation  curves  are  obtained,  which  consist,  of  three,  two  and  one 
exponential  curves,  correspondingly,  which  unambiguously  correspond  to  presence  of  three 
different  emitter  levels. 

Two  series  of  samples  were  taken  from  the  single  crystals  InSe  obtained  for  the 
measurements:  a  low-resistance  with  the  specific  resistance,  measured  along  the  layers,  of 
about  200  Q  cm  and  a  high-resistance  with  a  specific  resistance  of  about  10000  Q  cm.  The 
sign  of  current  carriers  in  the  cr>stals  being  studied,  was  determined  according  to  the 
thermal  emf,  proved  to  be  negative.  All  samples  had  high  photosensitivity.  Table  3  gives 
the  values  of  specific  sensitivity  and  multiplicity  of  change  in  the  resistance  with  an 
illumination  of  200  lux. 


photoconductivity  of  GaSe  in  region  of  admixed 
absorption. 

Key.  (a),  relative  units,  (b).  eV. 


■  protongod  exposure  to  darlocM. 
Key:  (t).  rcl.  uo.  (b).  0. 
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Spectral  distribution  of  photoconductivity  InSe  is  represented  in  Fig.  7.  Curve  1 
relates  to  the  low-resistance  sample,  curve  2  -  to  the  high-resistance,  curve  3  -  to  the  same 
high-resistance  sample  after  prolonged  exposure  to  darkness.  Low-resistance  sample  I  has 
a  sharply  pronounced  maximum  of  approximately  1.025  0. 
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Table  3 


Sample 

0cm 

p.  mA 

Rt 

Rc 

1  low-resistance 

200 

63000 

3.5 

1  high-resistance 

10* 

53000 

15 

For  high-impedance  samples,  as  can  be  seen  from  Fig.  6,  their  preliminary  illumination 
influences  the  spectral  distribution  of  photoconductivity.  For  prolonged  exposure  to 
darkness,  the  samples  have  a  blurred  maumum  of  approximately  0.85  n.  Illumination  of  the 
sample  leads  not  only  to  a  total  increase  in  photocurrent,  but  also  changes  its  spectral 
distribution.  A  primary  increase  in  the  photocurrent  in  the  short-wave  region  with  X=0.8 
n  is  observed. 

The  change  in  the  photoconductivity  spectrum  is  reversed.  With  the  illumination  of  the 
crystals,  with  prolonged  exposure  to  darkness,  their  spectral  characteristic  corresponds  to 
curve  2.  An  increase  of  the  photoconductivity  in  the  high-resistance  samples  with  the 
illumination  is  connected,  probably,  with  the  high  concentration  of  trapping  centers  for 
electrons.  With  illumination  the  trapping  centers  are  Filled  with  electrons,  which  leads  to 
an  increase  in  the  photoconductivity  during  subsequent  excitation.  The  primary  increase  in 
the  photocurrent  in  the  absorption  band  level  (X<0.8  n)  can  be  explained  by  the  fact  that 
the  filling  of  trapping  centers  with  white  illumination  occurs  in  essence  near  the  sample 
surface.  In  these  experiments  the  effect  of  measuring  the  light  was  excluded,  since  between 
the  separate  measurements  the  samples  were  located  in  the  darkness  for  long  time. 

The  value  of  the  width  of  the  forbidden  band,  calculated  according  to  X,/2,  is  1.2  eV 
for  the  high-resistance  and  1.17  eV  for  the  low-resistance  samples. 
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Lux-ampere  characteristics  for  the 
low-resistance  samples  obey  the  law  I^=A<l3“, 
where  n =0.4-0^  with  the  illuminations  10-1000 
lux.  But  for  the  high-impedance  samples  with 
the  illumination  of  200  lux  the  lux-ampere 
dependence  is  described  by  expression 

and  for  (Ji  >200  lux  U-  AcJi®’. 


I 


n(«i<  t 

The  spectral  course  of  the  absorption  spcctnacrftnd«w»i^d>Mii<« 

Key*  *  AWtxpliOA  (pcod  wul). 

coefficient  was  determined  by  the  spectra  of  light 

transmission  by  layers  of  different  thickness.  On  the  fundamental  absorption  edge  for  single 
crystals  of  InSe  we  obtain  1.2  eV  for  the  width  of  the  forbidden  band,  which  will  be 
coordinated  with  the  value,  obtained  on  the  photoconductivity. 


Fig.  8  depicts  the  fundamental  absorption  curves  for  five  crystals  A™  at  300®K. 
The  width  of  the  forbidden  bands,  found  from  the  curves  in  Fig.  7,  is  shown  in  Table  1. 


The  temperature  coefficients  of  the  width  of  the  forbidden  band  for  GaS  and  GaSe, 
on  the  temperature  dependence  of  the  absorption  edge  in  an  interval  of  300-580“K,  were  - 
7.2- 1(L*  and  8*10^  eV/deg  ,  respectively. 
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During  irradiation  by  electrons  with  an  energy  of  60  keV  at  room  temperature  a  glow 
is  observed  in  single  crystals  GaS,  GaSe,  ZnSe  and  GaTe,  in  the  yellow,  orange-red,  red  and 
dark-red  regions  of  the  spectrum  respectively. 

The  authors  consider  it  their  pleasant  duty  to  thank  prof.  D.  N.  Nasledova  and  Prof. 
S.  M.  Ryvkina  for  discussion  of  results  and  valuable  council. 
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